Food intake is believed to be partially controlled by hepatic signals related to adenosine triphosphate (ATP) status. We hypothesized that increased phosphorus content of one meal can stimulate hepatic ATP synthesis of the next meal, which in turn contributes to satiation. This hypothesis was tested by measuring the energy intake after phosphorus addition to several preloads. The phosphorus content of the different preloads was found to be inversely related to the energy intake at a subsequent meal, although the exact mechanism behind such effects was not studied. Such findings point to a potential role for phosphorus in the control of food intake. In humans, food intake is known to be controlled by both physiological and non-physiological factors, in which the former are believed to be partially governed by signals originating from the liver.
In humans, food intake is known to be controlled by both physiological and non-physiological factors, in which the former are believed to be partially governed by signals originating from the liver. 1, 2 There is accumulating evidence of a negative relationship between hepatic ATP level and eating behavior; the changes in hepatic ATP (energy status) is thought to be transduced into neural or hepatic vagal afferent activity, which is transmitted to the central nervous system and which eventually controls food intake. 1, 2 This relationship is based on data from several studies, in which the administration of a fructose analog, 2,5-anhydro-D-mannitol (2,5-AM), which causes a decline in the amount of inorganic phosphate necessary for ATP synthesis in the liver 3 ; or L-ethionine (which traps adenine and thus lowers ATP production) 4 to rats was found to stimulate eating behavior. Moreover, the hepatic ratio of ATP to ADP (adenosine diphosphate) (or the phosphorylation potential of the cell) was reported to be a more sensitive index of cellular energy status than ATP content. 5 This relationship implies that an increase in postprandial hepatic ATP synthesis triggers satiation, and the faster that the hepatic ATP increases, the greater the reduction in energy intake. In the postprandial state, phosphorus is utilized for the phosphorylation of many metabolites and its uptake by extrahepatic tissue is stimulated by insulin release, and thus its availability for hepatic ATP production may be compromised. Therefore, it is reasonable to postulate that the provision of a surplus amount of phosphorus in one meal would improve the hepatic phosphorus status or would offset any reduction caused by the second meal. This in turn would accelerate hepatic ATP synthesis, leading to an early termination of the eating episode. Increased consumption of fructose, mainly in the form of high-fructose corn syrup, has paralleled the rise in obesity and this has raised a concern over fructose's involvement in weight gain. 6 Fructose is known to have 'phosphatesequestering' capacity, by virtue of which the phosphate attaches covalently to organic molecules, rendering it unavailable to participate in other essential metabolic reactions, including the regeneration of ATP. 7, 8 This was demonstrated in humans, in whom the intravenous administration of fructose (250 mg per kg of body weight over 5 min) resulted in a 75% reduction in hepatic ATP concentration. 8 In addition, fructose administration to rats was reported to reduce plasma inorganic phosphate (Pi), hepatic Pi and ATP, whereas previous phosphate loading attenuated the reductions of ATP and Pi, and a strong correlation was found between hepatic Pi and ATP. 9 Moreover, insulin release following glucose ingestion is known to increase extrahepatic phosphorus uptake, which would compromise hepatic phosphorus availability. Hence, both glucose and fructose seem to have the potential of reducing phosphorus availability for hepatic ATP production, but the magnitude of such an effect or its implication for energy intake is not clear. We hypothesized that increased phosphorus content of one meal (preloading) can induce an early satiation in the next meal, through an increase in hepatic ATP production mediated by an improvement in hepatic phosphorus status. A preliminary set of experiments was conducted to investigate the effect of increased phosphorus content of a preload solution on subsequent food intake. We examined the effect of water, sucrose (50 g), fructose (40 g fructose plus 10 g glucose) or glucose (50 g) preloads with or without the addition of 500 mg of phosphorus (mixture of potassium and sodium phosphate). This work was approved by the Institutional Review Board of the American University of Beirut and written informed consent was obtained from all subjects. The protocol and procedures were similar to those of Akhavan and Anderson. 10 In brief, participants who had stable body weight for the last 3 months and were unrestrained eaters as assessed by the three-factor eating questionnaire were selected. 11 All subjects were regular breakfast consumers and were asked to maintain their regular dietary and physical activity habits throughout the course of the study. Subjects were asked to avoid alcohol consumption, as well as any unusual strenuous exercise 24 h before the study. After a minimum of a 12-h fast, they consumed a standard breakfast (440 kcal) 4 h before presenting for the study. Participants chose a time between 1100 and 1400 to be convenient to perform the test; thereafter, they were asked to arrive at the same time on the same day of the week for the second study session. Thus, each experiment used a within-subject design, wherein each participant served as his or her own control. In each experiment, two chilled preloads (with or without added phosphorus) were offered in a blind randomized order so as to control for the order-of-treatment effect. Each subject presented for two study days separated by a minimum of 1 week. All preloads were flavored with lemon to mask the taste of added phosphorus, had a volume of 250 ml and an additional 150 ml of pure water was offered to each subject (to wash out any after-taste); thus, a total of 400 ml of liquid solutions were drunk on each study day. At 80 min after the preload, an ad libitum lunch, consisting of standard pizza and water, was offered. Subjects were asked to eat freely until they felt 'comfortably full'; both food and water intakes were measured. Water intake was measured by weight (g) and food or energy intake (kcal) was obtained from the overall weight of pizza consumed.
In all experiments, the addition of phosphorus to the different preloads was associated with a significant reduction in energy intake at the subsequent meal ( Table 1 ). The magnitude of reduction varied slightly. The addition of phosphorus to the water preload led to 27% reduction in energy intake at the subsequent meal, similar to that of glucose (25%), while the addition of phosphorus to the sucrose or fructose preloads led to 33 and 35% reduction in energy intake at the subsequent meal, respectively. It is worth noting that phosphorus addition to the different preloads failed to affect water intake (data not shown), which indicates that the suppression of food intake was not due to osmotic differences caused by the presence or absence of phosphate. Data from the water preload experiment indicate that the reduction in subsequent energy intake is not dependent on carbohydrate energy content of the preload.
These findings are in support of the hypothesis that phosphorus content of a preload reduces subsequent food intake, although the exact mechanism by which this occurs was not investigated. What also remains to be studied is whether such an effect is influenced by body weight, and whether it persists in obese subjects.
The scope of the present study did not allow the scrutiny of central and/or peripheral factors. However, the present study provides human data in accordance with the results of Rawson and Friedman, 12 wherein the stimulation of food intake and reduction in hepatic ATP status of rats after 2,5-AM injection were reversed by pretreatment with a phosphorus infusion. In the Rawson and Friedman study, major plasma metabolites were not altered, implying that they had limited involvement in this process. Thus, it is prudent to assume that the negative association between phosphorus content of the preload and subsequent energy intake is related to hepatic ATP status, which is known to be attenuated by phosphate preloading. 9 Such an assumption is in line with other human studies that have shown that hepatic ATP store 13 and fractional recovery 14 are inversely related to body mass index, and serum Pi is negatively related to body weight. 15 Moreover, an analysis of metabolic Increased phosphorus content suppresses ad libitum energy OA Obeid et al data using the Knowledge Discovery in Databases procedure concluded that ATP deficiency or decreased energy levels were strongly linked to the development and sustenance of obesity, by driving overeating and conserving energy. 16 Hepatic ATP status is known to be influenced by both phosphorus content of a meal and hepatic phosphorylation of metabolites, and thus what still remains to be determined is whether phosphorus content of the second meal contributed to the observed reduction in energy intake. At the same time, it is not clear whether the effect of phosphorus content of preload on subsequent energy intake can be extended beyond the 80-min period used in this experiment.
The present finding may in part help to clarify the existing controversy over the relationship between dairy product (high in phosphorus) consumption, calcium and body composition. 17 In addition, these findings raise the possibility that the reduced energy intake observed in high-protein diets 18 may partially be explained by the high phosphorus content of protein meals. These findings may also have implications for the consumption of refined cereal products, because cereals, particularly wheat, lose most of their phosphorus content during the refining process. This may call for the enrichment of refined cereals with phosphorus in an attempt to reduce energy intake.
